INTRODUCTION
============

Fluorescent proteins (FPs) have revolutionized cellular and molecular biology, allowing the in vivo visualization of cells, organelles, and proteins via fluorescence microscopy. Derived via mutagenesis to protein templates found primarily in marine invertebrate species (see [@B107]; [@B44]; [@B71]), FPs function as a precise and minimally invasive labeling method commonly used in a variety of experimental systems (reviewed in [@B108]; [@B34]; [@B58]; [@B116]). The diversity in excitation and emission spectra among FPs allows for novel, multicolor techniques (reviewed in [@B99]; [@B19]; [@B94]). For example, the Brainbow cell-labeling techniques use three (or in some cases four) different fluorescent proteins to label cells of the same population with hues across the visible spectrum ([@B64]; [@B12]; [@B82]). Multiple copies of the Brainbow transgene are expressed within each cell, and the color expressed by each copy is randomly determined by the action of Cre recombinase; this results in unique, combinatorial colors that distinguish among *like* cells ([@B64]; reviewed in [@B124]). Several other multicolor approaches have been developed as well (e.g., [@B10]; [@B111]; [@B23]; [@B120]; [@B67]; [@B126]; [@B32]; [@B33]; [@B74]; [@B87]); all of which are suitable for studying cellular interactions and dynamics in various systems. Multicolor labeling is particularly informative in studies of clonal relationships during development; for example, in Brainbow, daughter cells retain the unique fluorescent coloring of their parent cell ([@B39]; [@B82]; [@B134]), allowing cell lineage to be traced and clones to be identified within a living, growing organism ([@B124]).

While multicolor approaches such as Brainbow are useful, their combination with the expression of a separately driven, spectrally distinct FP has the potential to significantly broaden the range of possible experiments. For example, a distinct FP tagged to a specific protein would allow assessment of that protein's function, either within a population (or subset) of Brainbow-labeled cells, or in a separate population of cells. Since the spectra of the FPs used in Brainbow already span the majority of the visible range of light (e.g., Brainbow versions 1.0--3.2; [@B64]; [@B12]), it is advantageous to consider complementary FPs whose spectra lie in the far-red and/or near-infrared region (where 650 nm is an approximate boundary between far-red \<650, and near-infrared \>650; [@B28]; reviewed in [@B15]). This strategy has been utilized in calcium imaging, where a far-red calcium indicator was generated for use in multicolor contexts ([@B26]). Importantly, the longer wavelengths in far-red and near-infrared fluorescence are of lower energy and can penetrate deeper in comparison to visible light ([@B76]; [@B20]).

Here we establish a strategy for combining Brainbow with the simultaneous expression of a visually distinct far-red or near-infrared fluorescent protein. This combinatorial approach allows the visualization of a population of cells coupled with the additional tagging of a specific protein or cell type, ultimately expanding the types of questions that can be answered using multicolor labeling. In demonstrating the feasibility of this experimental strategy, we also identify one useful far-red fluorescent protein and one useful near-infrared fluorescent protein for use in zebrafish (*Danio rerio*), a powerful system for fluorescence imaging ([@B57]; [@B121]), in which Brainbow has been used to study the nervous system, circulatory system, immune system, and beyond ([@B54]; [@B81], [@B82]; [@B39]; [@B43]; [@B56]; [@B92]; [@B22]; [@B80]; [@B128]; [@B6]; [@B13],[@B13]; [@B30]; [@B42]; [@B1]; [@B31]; [@B45]; [@B47]; [@B110]; [@B52].

Owing to the diversity in available far-red and near-infrared FPs, and the variation in FP performance among different experimental systems, we first perform a quantitative comparison of the expression of five different far-red and near-infrared FPs in vivo*.* There are numerous factors that affect the suitability of a given fluorescent protein for a particular system, including imaging conditions, photochemical properties of the protein, and intrinsic cellular properties of the model organism ([@B46]). While the inherent brightness of an FP can be predicted, the actual brightness may vary in vivo based on expression level, transcript/protein stability, fluorophore maturation rate, and autofluorescence within the specific host organism ([@B46]). Additionally, for experiments requiring time-lapse imaging, the rate of photobleaching, which can vary significantly among FPs, is an important consideration ([@B99]). Finally, though rare, some FPs may induce unwanted cytotoxic effects, particularly if they are oligomeric ([@B99]; [@B4]). For these reasons, we quantified the in vivo performance of several FPs in zebrafish to determine which is the brightest, most photostable, and least toxic for use in future studies. We also introduce a new transgenic line of zebrafish expressing Brainbow in the developing nervous system and demonstrate that the brightest of the FPs assessed, mCardinal, can be used to tag and visualize a manipulated protein within this multicolor background.

RESULTS
=======

Selection and expression of far-red and near-infrared FP candidates in zebrafish
--------------------------------------------------------------------------------

To assess which fluorescent proteins could be used as a complement to Brainbow studies in zebrafish, we initially selected proteins that are excited by the 633-nm laser line of our confocal microscope, a common laser line for far-red and near-infrared fluorophore excitation ([@B72]). Additionally, we selected proteins that are not photoactivatable or photoconvertable, as the light exposure from Brainbow imaging could unintentionally alter those types of FPs. We preferentially selected monomeric proteins, as they have a reduced potential for toxicity and can be used in fusion proteins without causing unintended oligomerization ([@B99]). On this basis, we compared five FPs: mCardinal ([@B17]), TagRFP657 ([@B72]), miRFP670 ([@B103]), iRFP670 ([@B101]), and mIFP ([@B129]) ([Table 1](#T1){ref-type="table"}). Both mCardinal and TagRFP657 are excited in the far-red range (peaks at 604 and 611 nm, respectively) but emit in the near-infrared range above 650 nm (659 and 657, respectively). In contrast, miRFP670, iRFP670, and mIFP are considered true near-infrared FPs, because both their emission and excitation spectra fall close to or above 650 nm.

###### 

Far-red and near-infrared fluorescent proteins evaluated and relevant properties.

  Protein     Excitation maximum (nm)   Emission maximum (nm)   Oligomerization state   Fluorophore     Previous zebrafish expression   Predicted brightness using 633 nm laser (M^--1^ cm^--1^)   Predicted brightness using 647 nm laser (M^--1^ cm^--1^)   Codon Adaptation index (CAI) for zebrafish expression
  ----------- ------------------------- ----------------------- ----------------------- --------------- ------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- -------------------------------------------------------
  mCardinal   604                       659                     Monomer                 Autocatalytic   Yes ([@B38])                    2888                                                       789                                                        0.878
  TagRFP657   611                       657                     Monomer                 Autocatalytic   No                              1457                                                       433                                                        0.873
  miRFP670    642                       670                     Monomer                 Biliverdin      No                              10,324                                                     10,337                                                     0.750
  iRFP670     643                       670                     Dimer                   Biliverdin      Yes ([@B3])                     10,728                                                     11,035                                                     0.759
  mIFP        683                       704                     Monomer                 Biliverdin      Yes ([@B129])                   3005                                                       3655                                                       0.795

Of the five selected proteins, mCardinal and TagRFP657 were both derived from several rounds of mutagenesis to the GFP-like protein eqFP578 from the sea anemone *Entacmaea quadricolor* ([@B104]; [@B72]; [@B17]), while miRFP670, iRFP670, and mIFP were created using bacterial phytochromes as templates ([@B101]; [@B103]; [@B129]). TagRFP657 was engineered directly from mutagenesis to an earlier FP, mKate ([@B72]). mKate was also used as a template for Neptune ([@B63]), the immediate FP predecessor of mCardinal ([@B17]). mIFP was created via mutagenesis to *Br*BphP ([@B129]), a bacterial phytochrome found in *Bradyrhizobium*, where it regulates the synthesis of the photosynthetic apparatus in response to light ([@B35]). iRFP670 was also derived from a bacterial phytochrome template, specifically *Rp*BphP6 ([@B101]) from the bacteria *Rhodopseudomonas palustris* ([@B132]). Compared to the other proteins, which are monomeric and thus more likely to be nontoxic and not interfere with fusion protein function, iRFP670 is known to dimerize ([@B101]). In contrast, miRFP670 is a monomeric FP engineered from *Rp*BphP1 ([@B103]), another bacterial phytochrome found in *R. palustris* ([@B7]), with similar spectral properties.

To assess the suitability of each FP for developmental Brainbow studies, we constructed plasmids for their expression in zebrafish utilizing the hsp70 promoter and SV40 late polyadenylation signal. The hsp70 promoter is an ∼1.5-kb fragment that drives the expression of an endogenous heat-inducible zebrafish gene ([@B41]); it can thus be utilized to induce the robust expression of a downstream transgene in zebrafish embryos exposed to 37°C. This promoter is useful in inducing transient ectopic expression throughout zebrafish embryos following microinjection, providing an efficient means of assessing gene function without cell-type-specific promoters. Additionally, it allows a high level of temporal control over gene expression, avoiding potentially confounding effects of a transgene on early development ([@B109]).

We utilized microinjections to transiently express each far-red/near-infrared FP plasmid in zebrafish embryos and then visualized the heat-induced expression via in vivo confocal microscopy at 2 d postfertilization (dpf). As expected, the hsp70 promoter drove ectopic expression of mCardinal, TagRFP657, miRFP670, iRFP670, and mIFP throughout fish ([Figure 1](#F1){ref-type="fig"}), consistently labeling a variety of cell types, including neurons ([Figure 2](#F2){ref-type="fig"}) and muscle ([Figure 3](#F3){ref-type="fig"}). To ensure that the near-infrared fluorescence observed was due to the FP and not autofluorescence, we also imaged wild-type zebrafish in an identical manner (Supplemental Figure 1). Autofluorescence was consistently observed in cells within the yolk, distal tail, and developing retinal pigmented epithelium in wild-type fish but not in the cell types typically targeted by hsp70. Moreover, assessment for cytotoxic effects of FP expression showed that expression did not result in punctate labeling, which can indicate cell death or lysosomal aggregation of the FP ([@B51]; [@B106]).

![Far-red and near-infrared FPs can be expressed and visualized in zebrafish embryos. (A) In vivo mCardinal expression in whole embryo at 2 dpf. Montage of five maximum intensity projections stitched together; display levels for A only have been adjusted both linearly and nonlinearly to optimize stitching and viewing. Boxes indicate general hindbrain and muscle regions where images such as B and C were taken. (B) Maximum intensity projection showing 2 dpf zebrafish hindbrain expressing mCardinal. Projection contains 24 slices for a total depth of 21.5 μm. Dotted lines show approximate extent of hindbrain. (C) Maximum intensity projection showing muscle cells of zebrafish shown in A. Projection contains 41 slices for a total depth of 36.8 μm. In B and C, brightness was adjusted linearly and identically for display. In all panels, dorsal is up and rostral is to the left. Scale bar represents 25 μm in B and C.](mbc-30-491-g001){#F1}

![Far-red and near-infrared FPs express in the developing zebrafish hindbrain. In vivo hindbrain expression is shown in 2 dpf embryos expressing either mCardinal, iRFP670, TagRFP657, miRFP670, or mIFP. In all panels, dorsal is up and rostral is to the left, and image is a maximum intensity projection representing 33--35 slices for a total depth of ∼30 μm. The same acquisition parameters were used for each image and brightness was linearly adjusted for display (identical adjustments for each frame). Scale bar represents 25 μm.](mbc-30-491-g002){#F2}

![Far-red and near-infrared FPs express in muscle cells within the tail of developing zebrafish. In vivo expression in muscle cells is shown in 2 dpf embryos expressing either mCardinal, iRFP670, TagRFP657, miRFP670, or mIFP. In all panels, dorsal is up and rostral is to the left, and image is a maximum intensity projection representing 25--35 slices for a total depth of ∼20--30 μm. The same acquisition parameters were used for each image and brightness was linearly adjusted for display (identical adjustments for each frame). Scale bar represents 25 μm.](mbc-30-491-g003){#F3}

Quantification of far-red and near-infrared fluorescent protein brightness
--------------------------------------------------------------------------

Before measuring brightness in vivo, we determined a predicted brightness for each FP calculated for our imaging settings ([@B46]), using the quantum yield, extinction coefficient, and excitation/emission spectra as reported ([@B72]; [@B101]; [@B103]; [@B17]; [@B129]) ([Figure 4](#F4){ref-type="fig"}). This value takes into account intrinsic properties of the fluorophore as well as the specific laser line used for excitation and the range of wavelengths collected to predict what maximal brightness would be expected under given imaging conditions. Of the FPs considered, miRFP670 and iRFP670 were predicted to be brightest (10,324 and 10,728 M^--1^ cm^--1^, respectively) by a factor of ∼3.5 in comparison to the next brightest, mIFP (3005 M^--1^ cm^--1^). mIFP was predicted to be only slightly brighter than mCardinal (2977 M^--1^ cm^--1^), while TagRFP657 (1457 M^--1^ cm^--1^) was predicted to be less than half as bright as mIFP and mCardinal ([Figure 4C](#F4){ref-type="fig"}). For our experiments we utilized a 633 nm laser line; [Table 1](#T1){ref-type="table"} also provides the predicted brightness values for excitation at 647 nm.

![Excitation and emission spectra of far-red/near-infrared FPs can be used to predict brightness for our imaging conditions. (A) Excitation spectra and (B) emission spectra for mCardinal (purple), TagRFP657 (blue), miRFP670 (green), iRFP670 (orange), and mIFP (red) as reported, respectively, in [@B17], [@B72], [@B103], [@B101], and [@B130]. Fluorophores were excited by a HeNe633-nm laser (vertical black line in A), and emitted light was collected between 638 and 747 nm (black box in B). (C) Predicted brightness was derived from the reported brightness (quantum yield multiplied by extinction coefficient) at the excitation wavelength of 633 nm and the portion of the emission spectra within the collection range of 638--747 nm.](mbc-30-491-g004){#F4}

Brightness is a key factor in determining which FP is ideal for in vivo expression. To compare in vivo brightness among the five FPs expressed, measurements of mean brightness were taken from images of cells in the hindbrain and muscle cells of the tail ([Figure 5](#F5){ref-type="fig"}) in living zebrafish. While the brightness of both hindbrain and muscle cells varied within and among conditions, mean normalized fluorescence intensity of fish expressing mCardinal was highest in both hindbrain cells ([Figure 5C](#F5){ref-type="fig"}; mCardinal: 125.6 ± 14.6 AU, *n* = 935 cells from 24 fish; TagRFP657: 26.2 ± 3.0, *n* = 580 cells from 25 fish; miRFP670: 16.6 ± 2.7, *n* = 60 cells from seven fish; iRFP670: 24.5 ± 3.1, *n* = 325 cells from 12 fish; mIFP: 11.2 ± 1.2, *n* = 137 cells from 20 fish) and muscle cells ([Figure 5D](#F5){ref-type="fig"}; mCardinal: 193.5 ± 34.5 AU, *n* = 272 cells from 18 fish; TagRFP657: 43.9 ± 8.3, *n* = 188 cells from 23 fish; miRFP670: 8.7 ± 1.3, *n* = 28 cells from five fish; iRFP670: 24.9 ± 3.7, *n* = 15 cells from four fish; mIFP: 7.4 ± 0.94, *n* = 91 cells from 17 fish). Addition of heme oxygenase did not significantly alter brightness measurements for miRFP670. iRFP670, or mIFP (unpublished data). mCardinal was significantly brighter than all other FPs tested in both hindbrain neurons (*F*~4,\ 83~ = 32.56, *p* \< 1.0 × 10^--7^; all Tukey HSD *p* \< 1.0 × 10^--7^) and muscle cells (*F*~4,\ 74~ = 18.59, *p* \< 1.0 × 10^--7^; all Tukey HSD *p* \< 5.0 × 10^--5^), and no other FPs differed in brightness from one another (all Tukey HSD *p* \> 0.5).

![Quantified brightness of far-red and near-infrared FPs in zebrafish. (A) mCardinal expression in hindbrain, with sample region of interest shown. (B) mCardinal expression in muscle cells of the tail, with sample region of interest shown. For both A and B, dorsal is up and rostral is to the left. Elliptical regions of interest were used to select hindbrain cells, while rectangular regions of interest were used to select muscle cells. Each inset shows zoom of highlighted cell. Brightness was adjusted linearly for display. Scale bar represents 25 μm. (C, D) Average normalized fluorescence intensity per fish for each FP within the hindbrain (C) or muscle (D) cells. Scale of *y*-axis above 60 AU is condensed to optimally display both full range of mCardinal brightness and other, dimmer FPs. Insets of plots show full range of brightness at a constant scale. Whiskers show extremes of data, excluding outliers. Asterisks represent statistically significant difference brightness values from Tukey's HSD post-hoc test (all pairwise comparisons *p* \< 0.0000001 for hindbrain cells and *p* \< 0.00005 for muscle cells; no other significant differences).](mbc-30-491-g005){#F5}

Photobleaching analysis
-----------------------

One characteristic of FPs that affects their performance in vivo is how readily they photobleach. FPs that bleach quickly are less useful for in vivo studies, regardless of their brightness. To assess the suitability of each FP for time-lapse imaging experiments, its rate of photobleaching was assessed by continuous imaging of a single hindbrain cell at high laser power ([Figure 6](#F6){ref-type="fig"}). For these experiments we used a laser power significantly higher (70%) than what is needed for typical imaging conditions (\<10%); this allowed us to test the performance of each FP under extreme conditions.

![Far-red and near-infrared FP photostability. (A) Sample maximum intensity projections (representing depth of 10.76 μm) of cell expressing mCardinal or iRFP670 in hindbrain undergoing bleaching procedure at 70% laser power. Dorsal is up and rostral is to the left. Scale bar represents 5 μm. (B) Quantification of photobleaching shows average normalized fluorescence intensity over time for each FP. TagRFP657 demonstrated the most photostability among near-infrared FPs expressed in the zebrafish hindbrain. Brightness at each time point was normalized by dividing by initial brightness for that FP to show relative proportion of bleaching. Mean normalized brightness value is shown for each time point and error bars represent SEM (mCardinal, TagRFP657, iRFP670: *n* = 5 cells; miRFP670: *n* = 6 cells; mIFP: *n* = 4 cells).](mbc-30-491-g006){#F6}

TagRFP657 demonstrated the lowest relative level of photobleaching, maintaining a mean of 91% (±1.2; *n* = 5 cells) of its original fluorescence after 2 min of bleaching at high laser power, while miRFP670 bleached slightly more rapidly, retaining 83% of its initial fluorescence over time (±2.2; *n* = 6 cells). mCardinal and mIFP bleached at similar rates, depreciating to 71% (±1.4; *n* = 5 cells) and 72% (±1.7; *n* = 4 cells) of their original brightness respectively. iRFP670 displayed the highest level of photobleaching of the FPs assessed; over the course of imaging, its fluorescence decayed to 42% of initial brightness (±2.8; *n* = 5 cells) ([Figure 6B](#F6){ref-type="fig"}). Because mCardinal demonstrated a much higher initial brightness than TagRFP657, miRFP670, iRFP670, or mIFP (see [Figure 5](#F5){ref-type="fig"}), when each FP was normalized to the initial brightness of mCardinal, all other FPs tested were dimmer throughout the entire course of imaging.

Coexpression of an mCardinal-tagged protein with Brainbow
---------------------------------------------------------

To demonstrate the feasibility of a combinatorial Brainbow and far-red/near-infrared FP expression strategy, we next tested whether a fourth FP could be distinguished from Brainbow expression in vivo ([Figure 7](#F7){ref-type="fig"}). After identifying mCardinal to be the overall brightest of the FPs assessed and sufficiently photostable and nontoxic for experimental purposes, we coexpressed this FP with Brainbow in zebrafish embryos and imaged all four fluorescent proteins in the hindbrain in vivo ([Figure 7C](#F7){ref-type="fig"}). We repeated this strategy for our brightest bacterial phytochrome-derived near-infrared FP, iRFP670 ([Figure 7D](#F7){ref-type="fig"}). For these experiments we used our newly generated transgenic zebrafish line *Tg(neurod:Zebrabow),* in which Brainbow (version 1.0 line L; [@B64]) expression is restricted to the developing nervous system by the neuroD promoter ([@B78]) ([Figure 7A](#F7){ref-type="fig"}). This line was crossed to fish expressing the Cre recombinase, *Tg(hsp:Cre^a134^)*, to initiate Brainbow recombination in resulting embryos. In vivo confocal imaging of larvae coexpressing mCardinal with Brainbow allowed for clear detection of mCardinal within the multicolor background ([Figure 7C](#F7){ref-type="fig"}). Brainbow and mCardinal were expressed in partially overlapping populations of cells. mCardinal was detectable in its own channel with no bleedthrough from any of the Brainbow channels (CFP, YFP, or dTomato). When viewing the dTomato channel, however, it was important to use a narrowed range of emission collection to exclude minimal mCardinal signal excited broadly by the 561-nm laser (see Supplemental Figure 2). When imaging iRFP670 expression with Brainbow, all four FPs were visible and distinct from one another (CFP, YFP, dTomato, and iRFP670; [Figure 7D](#F7){ref-type="fig"}) with no detected bleedthrough in any channel (Supplemental Figure 2).

![In vivo coexpression of far-red/near-infrared FPs in transgenic zebrafish expressing Brainbow. (A1) Tile stitch of *Tg(neurod:Zebrabow)* at 2 dpf. (A2) Spinal cord at 2 dpf. Motor axons denoted by arrowheads. (B) Schematic of neurod:Zebrabow DNA. (C) Maximum intensity projection of hindbrain of 2 dpf *Tg(neurod:Zebrabow)* zebrafish injected with hsp:mCardinal, representing 16 slices for a depth of 13.58 μm. Left panel shows three-channel Brainbow expression, middle shows mCardinal expression, and right shows four-channel merge, with mCardinal displayed as white. Collection range for dTomato set to 566--583 nm. (D) Similar to C but showing hsp:iRFP670 expression in 2 dpf *Tg(neurod:Zebrabow)* zebrafish, projection depth of 20.03 μm. Collection range for dTomato set to 567--621 nm. In all panels, dorsal is up and rostral is to the left. Brightness has been linearly adjusted for display. In A only, nonlinear adjustments were made to display diverse labeling across cell types. Scale bars represent 40 μm in A1; 15 μm in A2; and 25 μm in C and D.](mbc-30-491-g007){#F7}

We next wished to test whether a specific protein tagged with a far-red FP could be identified within the context of Brainbow-labeled cells. Since our laboratory uses Brainbow to visualize dividing cells in the developing zebrafish hindbrain, we chose to manipulate a gene known to be expressed in and influence dividing cells, namely the membrane receptor for bone morphogenetic protein (BMPR). We generated an mCardinal-tagged form of the constitutively active bone morphogenetic protein receptor 1a ([@B75]), *hsp70*:CA-BRIA-mCardinal, and injected DNA into *Tg(neurod:Zebrabow)* zebrafish embryos at the one-cell stage. Membrane expression of the BMP receptor was detected in vivo via its mCardinal tag in cells throughout the hindbrain ([Figure 8](#F8){ref-type="fig"}). This expression was visually distinct from the cytosolic Brainbow labeling, which labeled a partially overlapping population of cells. Among the imaged cells, we identified those expressing only mCardinal, those expressing one or more of the Brainbow FPs, those coexpressing both Brainbow and mCardinal, and unlabeled cells. In colabeled cells, the mCardinal membrane expression was clearly identified as being in a separate subcellular compartment than the cytosolic Brainbow label ([Figure 8, A and B](#F8){ref-type="fig"}), a distinction that has been shown to be useful in cellular identification ([@B33]; [@B134]). This approach allows us to track the behavior of individual cells and simultaneously investigate how manipulation in BMP signaling influences a subset of those cells. This more broadly provides a useful strategy for multicolor labeling and clarification of dense cell populations, while simultaneously tagging, manipulating, and assessing a specific protein within that context via a fourth, visually distinct, color.

![In vivo coexpression of manipulated BMP receptor tagged with mCardinal in hindbrain of transgenic Brainbow zebrafish. (A) Maximum intensity projection of 2 dpf *Tg(neurod:Zebrabow)* zebrafish injected with hsp:CA-BRIA-mCardinal, representing eight slices for a depth of 6.79 μm. Left panel shows three-channel Brainbow expression, middle panel shows CA-BRIA-mCardinal expression, and right panel shows four-channel merge, with mCardinal displayed as white. (B) Maximum intensity projection of hindbrain, representing five slices for a depth of 4.24 μm. Scale bar represents 6 μm in A and 5 μm in B. Collection range for dTomato set to 567--591 nm. Dorsal is up and rostral is to the left. Brightness has been linearly adjusted for display.](mbc-30-491-g008){#F8}

DISCUSSION
==========

The goal of this work was to select optimal far-red or near-infrared FPs for use in conjunction with multicolor approaches such as Brainbow. Proteins that emit light in the near-infrared range can be distinguished from the FPs utilized in Brainbow 1.0--2.1 and thus provide a visually distinct label within a population of Brainbow-expressing cells. We expressed five far-red/near-infrared FPs in zebrafish and quantified the brightness and rate of photobleaching for each in vivo. After selecting mCardinal as a useful FP for zebrafish expression, we demonstrated that mCardinal can be used to tag and visualize a manipulated protein within a Brainbow background in a living zebrafish hindbrain. This establishes a clear experimental strategy for unique identification of manipulated cells within a Brainbow-­labeled population.

All of the FPs we tested are relatively new and result from a recent focus on the development of red-shifted FPs that are excited by and emit longer wavelengths of light. TagRFP657, the earliest of the five FPs to have been generated ([@B72]), has been utilized in a number of studies, primarily in single-cell systems: mammalian cell cultures (e.g., [@B11]; [@B18]; [@B122]), yeast (e.g., [@B62]), and *Escherichia coli* ([@B127]). It has also been used in mice to label both tumors ([@B29]) and living neurons ([@B122]). In contrast, mCardinal was initially tested for in vivo performance in *Caenorhabditis elegans* and mice ([@B17]) and has since been further utilized in these model organisms (*C. elegans*: [@B119]; tumor-labeling in mice: [@B53]; transgenic mouse line: [@B48]) as well as *Drosophila* ([@B95]). mCardinal has also been utilized more recently in mammalian cell culture (e.g., [@B2]; [@B25]), yeast (e.g., [@B114]), and bacteria (e.g., [@B36]), likely due to its reported higher brightness over TagRFP657 ([@B17]). mCardinal has been utilized even more recently in zebrafish, in which pan-neuronal expression of mCardinal allowed researchers to construct neuroanatomical maps ([@B38]). iRFP670 was initially tested in mammalian cell culture and tumor labeling in mice ([@B101]) and has since been utilized further in both systems (e.g., [@B83]; [@B61]; [@B91]; [@B9]; [@B131]; [@B16]; [@B66]; [@B68]; [@B123]). It has also been expressed in yeast ([@B8]) and *E. coli* ([@B115]), as well as in living mice (e.g., [@B69]; [@B85]), monkeys ([@B85]), and zebrafish ([@B3]). mIFP was created more recently and was initially demonstrated to express in mice, *Drosophila*, and zebrafish ([@B129]); however, it has since been applied mainly to in vitro mammalian experiments (e.g., [@B27]; [@B105]) and yeast ([@B24]). miRFP670 is the most recently developed of these FPs; similarly to other near-infrared FPs, it was initially tested in mammalian cell culture and tumors within mice ([@B103]) and has since been utilized further in mammalian cell culture (e.g., [@B105]), as well as in *E. coli* ([@B65]). To our knowledge, neither TagRFP657 nor miRFP670 has been previously tested in zebrafish.

Predicted versus actual fluorescent protein brightness in zebrafish
-------------------------------------------------------------------

Our results show that of the FPs we tested, mCardinal demonstrated the brightest in vivo expression in zebrafish. The brightness measurements of all FPs, however, showed significant variability in both the hindbrain (variability of mCardinal = 11.6%; TagRFP657 = 11.4%; miRFP670 = 16.1%; iRFP670 = 12.8%; and mIFP = 10.6%; standard error expressed as percent of mean brightness) and muscle cells (mCardinal = 17.8%; TagRFP657 = 19.0%; miRFP670 = 15.1%; iRFP670 = 14.8%; and mIFP = 12.7%). The range in brightness is likely due in part to the variation in zebrafish transient gene expression that results from varying amounts of injected DNA integrated into different cells ([@B112]). This could be ameliorated by generation of a stable transgenic line to assess FP expression, as genomic integration stabilizes expression across a cell population. Since we were consistent about the amount of DNA that was delivered to each egg, and each plasmid uses the same promoter that was activated by an identical heat shock protocol, the amount of underlying variability should be relatively consistent across all FP conditions. Interestingly, the range in brightness that we have quantified most likely indicates a rough range of expression that is achieved by any transient gene expression in zebrafish ([@B113]); for nonfluorescent constructs this is generally more difficult to measure.

While the brightness of all FPs varied within and between fish, the average fluorescence intensity was significantly different among FPs, with mCardinal showing the brightest in vivo expression ([Figure 5](#F5){ref-type="fig"}). Interestingly, the greater brightness of mCardinal contrasted with its predicted brightness values, which projected miRFP670, iRFP670, and mIFP to be brighter than mCardinal. This is not unexpected; actual FP brightness has been shown to differ from predicted values in both *Saccharomyces cerevisiae* and *C. elegans* ([@B62]; [@B46]), demonstrating the necessity of testing FP performance in vivo when selecting one for a particular model organism. Although the overall brightness we observed in the tested FPs did not precisely match the calculated predictions, relative brightness within each class of FP (the three bacterial phytochrome-derived near-infrared FPs vs. the two GFP-like FPs) indeed matched predicted patterns (i.e., as predicted, iRFP670 was brighter than miRFP670, which was brighter than mIFP, and mCardinal was brighter than TagRFP657). One factor that may have decreased the brightness of all of the phytochrome-derived FPs is the limited availability in zebrafish of biliverdin, the metabolite that is required to form the fluorophore ([@B93]; [@B96]; [@B5]; [@B102]). Insufficient biliverdin would diminish the brightness of miRFP670, iRFP670, and mIFP but would not affect other FPs such as TagRFP657 and mCardinal. Previous work expressing bacterial phytochrome-derived FPs in zebrafish coexpressed heme oxygenase ([@B129]; [@B130]), suggesting that biliverdin concentration is a limiting factor in the fluorescence of these proteins within zebrafish. Other in vitro attempts to augment brightness of bacterial phytochrome-derived FPs included incubation with heme precursor and addition of exogenous biliverdin; these strategies had variable effects on different FPs and, for the most part, had only a weak effect on fluorescence brightness ([@B105]). In our hands, coinjection of heme oxygenase protein had little to no effect on brightness. Primarily, bacterial phytochrome-derived near-infrared FPs were developed for use in mammals, in which biliverdin is ubiquitous, and more red-shifted labels are preferred due to reduced light scattering, autofluorescence, and absorption by hemoglobin and melanin at longer wavelengths ([@B84]; [@B70]; [@B102]; [@B15]). Though further efforts to increase biliverdin concentration in zebrafish could potentially result in improved brightness for miRFP670, iRFP670, and mIFP, expression of both mCardinal and iRFP670 were sufficiently bright to be imaged alongside Brainbow without the addition of any protein, transgene, or other exogenous molecule. This is preferable because of both the relative ease of expression and the minimal disruption to metabolism. In addition to being the rate-limiting enzyme in an important catabolic pathway among eukaryotes, heme oxygenase is also known to specifically function in zebrafish development ([@B50]) and cardiac function ([@B118]), and thus its manipulation in zebrafish embryos could potentially confound experimental results. Furthermore, expression of the endogenous zebrafish isoforms of heme oxygenase varies with tissue, sex, and age ([@B49]), potentially complicating the direct relationship between brightness and FP copy number that allows quantification of fusion protein levels.

Another possible explanation for the discrepancy between the predicted and actual FP brightness is differing degrees of FP expression due to codon optimization. As each organism has a preference for synonymous codons within its genome, known as codon bias, the codon usage of a gene can impact its expression level via numerous mechanisms (reviewed in [@B86]; [@B89]). A comparison of the codon optimization of the FPs we assessed using the Codon Adaptation Index (CAI) ([@B100]; [@B88]) showed that the GFP-like fluorophores mCardinal and TagRFP657 had a slightly higher degree of codon optimization for expression in zebrafish (CAI values of 0.873 and 0.878, respectively) than the bacteria-derived fluorophores (miRFP670: 0.750, iRFP670: 0.759, mIFP: 0.795; see [Table 1](#T1){ref-type="table"}). This may have resulted in reduced expression levels of miRFP670, iRFP670, and mIFP, contributing to their apparent dimness. Performance of these FPs may be improved following codon optimization via the substitution of synonymous codons used more frequently in genes highly expressed in zebrafish. This approach, however, has been inconsistently effective in improving gene expression (reviewed in [@B86]; [@B89]), with some studies finding no correlation between CAI and heterologous protein expression levels ([@B59]; [@B40]). Another possible cause of variable levels of expression among FPs could be variability in Kozak-like sequences upstream of the start codon in DNA constructs encoding these FPs. Small variations in the Kozak consensus sequence have been shown to have significant effects on the translation efficiency of genes in zebrafish, suggesting that applying the most efficient variant of the Kozak sequence in zebrafish could increase the rate of translation and, potentially, the brightness of any of the far-red/near-infrared FPs tested ([@B37]).

mCardinal as a far-red fluorescent protein for use in zebrafish
---------------------------------------------------------------

Based on our brightness analysis, mCardinal emerges as the superior choice for coexpression studies in zebrafish. In addition to in vivo brightness, we also assessed FP photostability by continuous laser exposure on the confocal microscope. Though mCardinal was not as photostable as TagRFP657 or miRFP670, it nonetheless remained the brightest over time due to its initial superior brightness ([Figure 6](#F6){ref-type="fig"}). Additionally, the photobleaching protocol utilized a laser power of 70%, which is more than seven times higher than necessary for actual imaging of mCardinal to induce sufficient bleaching for quantification and comparison. Under normal acquisition parameters, photobleaching of mCardinal was not observed. Together, these results suggest that mCardinal is suitably photostable for use in developmental studies that require imaging over time. Our results, however, only reflect in vivo bleaching of these FPs under laser excitation; lower intensity illumination from epifluorescence microscopes can induce differential bleaching of FPs, and thus the relative rate of bleaching may vary with imaging system ([@B99]). Finally, zebrafish embryos expressing mCardinal did not show signs of cytotoxicity, suggesting that this FP can be used in experiments without harming the cells of interest. While labeling density was not quantitatively compared among FPs, we observed that fish expressing mCardinal frequently had a much higher density of cells labeled than fish expressing other far-red or near-infrared FPs. The consistent survival of a large number of healthy cells that were bright enough to be imaged further suggests that mCardinal is expressed robustly in zebrafish cells and does not impact cellular health.

While mCardinal provided the brightest expression in our hands, and was clearly visualized in the Brainbow context, there may be certain advantages to selecting a near-infrared protein such as iRFP670 for some multicolor studies. Bacterial phytochrome-­derived near-infrared FPs are particularly useful because the biliverdin chromophore allows for even further red-shifted spectral absorbance and emission as compared with the non-phytochrome-­derived, far-red FPs (reviewed in [@B102]). Since the excitation of iRFP670 (peak 643 nm) is significantly red-shifted from both mCardinal (peak 604 nm) and dTomato (peak 554 nm), this means that iRFP670 can be used with little to no concern of bleedthrough with any of the Brainbow FPs. Additionally, the more extreme longer wavelength light may be preferable for deep tissue or even whole-body imaging studies ([@B76]; [@B20]). While mCardinal is also red shifted, it has a broad excitation peak that spans the excitation peak of dTomato (Supplemental Figure 2). This means that care needs to be taken when imaging dTomato and mCardinal together. It is straightforward to excite and unambiguously detect mCardinal in this context; using a laser of ∼585 nm or higher will exclude any signal from dTomato as well as from the other Brainbow FPs. However, excitation of Brainbow's dTomato at 561 nm can lead to some inadvertent, off-peak excitation of mCardinal. This means that the signal detected for dTomato may also include dim bleedthrough from mCardinal. Importantly, this bleedthrough from mCardinal can be essentially eliminated by selecting a narrow collection window for dTomato (Supplemental Figure 2). This concern would also be reduced by the use of an excitation laser for dTomato below ∼540 nm or the use of a Brainbow construct or other multicolor approach that does not utilize dTomato. Antibody staining can also be used for the dTomato epitope, which is distinct from CFP and YFP since it derives from *Discosoma* as opposed to *Aequorea victoria*. This could amplify the dTomato signal and/or allow it to be detected in a different range. In summary, although there is minimal mCardinal overlap with dTomato, this can be eliminated by the use of careful image acquisition parameters. Importantly, the overlap is in only one direction; there is no contamination from any Brainbow signal when imaging mCardinal, which means that a tagged protein can be unambiguously identified.

Tagging proteins with a fourth color beyond Brainbow for advanced labeling strategies
-------------------------------------------------------------------------------------

Our quantitative assessment of FP expression in zebrafish embryos demonstrates that mCardinal has bright and stable expression in a variety of cell types and thus can be utilized as an experimental tool in this useful model organism ([Figure 1A](#F1){ref-type="fig"}). The near-infrared FP iRFP670 did not fluoresce as brightly as mCardinal, but it is also sufficiently bright for imaging in developing zebrafish. Our results also identify mCardinal and iRFP670 as useful FPs for use in conjunction with Brainbow. Specific proteins can thus be tagged with mCardinal or other monomeric red-shifted FPs to assess mechanistic effects within a Brainbow-labeled population. Here we demonstrate that a constitutively active, mutated form of the BMP receptor 1A, CA-BRIA ([@B75]), tagged with mCardinal, can be coexpressed and visualized within the membrane of a subset of Brainbow-labeled cells. We achieve this expression in a new transgenic zebrafish line, *Tg*(*neurod:Zebrabow*), a useful tool for studies of the developing nervous system. In these fish, Brainbow expression is spatially restricted via the neuroD promoter ([@B78]), a neuronal basic helix-loop-helix transcription factor that is active early in zebrafish development ([@B133]). Expression of mCardinal-tagged CA-BRIA within this context allows for an assessment of how increased BMP signaling influences individual cells and their unmanipulated neighboring cells in the proliferative ventricular zone. This type of an approach more broadly provides a powerful strategy for manipulating and visualizing expression of a specific gene in direct comparison with neighboring, labeled but nonmanipulated cells.

The use of mCardinal as a far-red label can be applied not only to the variety of systems that employ Brainbow techniques in zebrafish (e.g., [@B39]; [@B82]; [@B22]; [@B128]; [@B13],[@B13]; [@B30]; [@B31]) but also to other multicolor fluorescent protein labeling systems (e.g., [@B10]; [@B111]; [@B23]; [@B120]; [@B67]; [@B126]; [@B32]; [@B33]; [@B74]; [@B87]) to ask complex experimental questions requiring spectrally distinct fluorescent labels that are driven by separate promoters. To our knowledge, this is the first example of coexpression of a far-red or near-infrared protein alongside Brainbow and thus demonstrates how red-shifted fluorescent proteins can be used to complement and expand the multicolor technique. This combinatorial approach should be applicable to any of the model organisms in which Brainbow or other multicolor approaches have been used.

MATERIALS AND METHODS
=====================

Generation of DNA constructs
----------------------------

DNA constructs for expression in zebrafish were generated using Version D of the MultiSite Gateway Three-Fragment Vector Construction Kit (ThermoFisher Scientific, Waltham, MA). The following plasmids were used as templates: mCardinal-C1 (Michael Davidson, Florida State University; Addgene plasmid \#54799), pTagRFP657-C1 (Vladislav Verkhusha, Albert Einstein College of Medicine; Addgene plasmid \#31872), pmiRFP670-N1 (Vladislav Verkhusha; Addgene plasmid \#79987), piRFP670-N1 (Vladislav Verkhusha; Add­gene plasmid \#45457), mIFP-N1 (Michael Davidson and Xiaokun Shu, University of California, San Francisco; Addgene plasmid \#54620), and pzCA-BRIA/pSP (generous gift from Naoto Ueno, National Institute for Basic Biology). The primers in [Table 2](#T2){ref-type="table"} were used for amplification of each gene via PCR while also adding *attB* sites (in bold) to allow for Gateway recombination of the products.

###### 

Primers used to generate middle entry clones.

  Plasmid         Forward primer (attB1)                                                           Reverse primer (attB2)
  --------------- -------------------------------------------------------------------------------- -------------------------------------------------------------------------
  mCardinal-C1    **GGGG ACA AGT TTG TAC AAA AAA GCA GGC TAT** ATG GTG AGC AAG GGC GAG             **GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA** TTA TCT AGA TCC GGT GGA
  pTagRFP657-C1   **GGGG ACA AGT TTG TAC AAA AAA GCA GGC TAT** ATG GTG TCT AAG GGC GAA GA          **GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA** TTA TCT AGA TCC GGT GGA
  pmiRFP670-N1    **GGGG ACA AGT TTG TAC AAA AAA GCA GGC TGT** ATG GTA GCA GGT CAT GCC TCT GGC A   **GGGG AC CAC TTT GTA CAA GAA AGC TGG GTT** GCT CTC AAG CGC GGT GAT
  piRFP670-N1     **GGGG ACA AGT TTG TAC AAA AAA GCA GGC TCT** ATG GCG CGT AAG GTC GAT C           **GGGG AC CAC TTT GTA CAA GAA AGC TGG GTA** TTA GCG TTG GTG GTG GGC GGC
  mIFP-N1         **GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTT** ATG TCG GTA CCG CTG ACT             **GGGG AC CAC TTT GTA CAA GAA AGC TGG GTT** TCA TTT GGA CTG AGA CTG
  pzCA-BRIA/pSP   **GGGG ACA AGT TTG TAC AAA AAA GCA GGC TGG** ATG CGT CAG CTT TTG TT C            **GGGG AC CAC TTT GTA CAA GAA AGC TGG GTN** GAT TTT AAT GTC TTG AGA TTC

PCR products were recombined with pDONR221 to produce middle entry clones. Middle entry clones containing far-red/near-infrared FP genes were recombined with the following plasmids from the Tol2kit ([@B60]): pDESTTol2CG containing cmlc2:EGFP transgenesis marker; p5E-hsp70 containing a zebrafish promoter for heat-shock induction; and p3E-polyA containing an SV40 late polyA signal. In generating an mCardinal-tagged form of CA-BRIA, mCardinal was moved to the 3′ position. To amplify mCardinal from mCardinal-C1 and add *attB* sites suitable for recombination into a 3′ entry clone, the primers in [Table 3](#T3){ref-type="table"} were used.

###### 

Primers used to generate 3' entry clone for mCardinal.

  Forward primer (attB2)                                             Reverse primer (attB3)
  ------------------------------------------------------------------ -----------------------------------------------------------------------------
  **GGGG ACA GCT TTC TTG TAC AAA GTG** GGA ATG GTG AGC AAG GGC GAG   **GGGG AC AAC TTT GTA TAA TAA AGT TGT** TAC TTG TAC AGC TCG TCC ATG CCA TTA

The resultant PCR product was recombined with pDONRP2R-P3 to create p3E-mCardinal. This entry clone was then recombined with pDESTTol2CG containing cmlc2:EGFP transgenesis marker, p5E-hsp70, and pME-CA-BRIA, containing a constitutively active form of the zebrafish BMPR-1A (Q228D; see [@B75]). To ensure that no mutations had arisen in inserts of all entry clones, capillary electrophoresis DNA sequencing was performed in the OHSU DNA Services Core (see *Acknowledgments*).

Zebrafish care and transient gene expression
--------------------------------------------

All protocols involving zebrafish were approved by the Lewis and Clark Institutional Animal Care and Use Committee. Adult wild-type zebrafish (*D. rerio;* AB/TL; [@B125]; Zebrafish International Resource Center, Eugene, OR) were maintained in a controlled, multitank aquatic housing system (Aquaneering, San Diego, CA) at 27°C in reverse osmosis (RO) water dosed for pH and salinity control. Injected embryos and larvae were maintained in an incubator (Forma Scientific, Marietta, OH) at 28°C in 90 mm petri dishes (Genesee Scientific, San Diego, CA) containing E3 embryo medium (5 mM NaCl \[J.T. Baker, Philipsburg, NJ\], 0.17 mM KCl \[AMRESCO\], 0.33 mM CaCl~2~, 0.33 mM MgSO~4~ \[Sigma, St. Louis, MO\], and 0.00001% methylene blue \[Sigma\]; [@B77]) with 0.2 mM phenylthiourea (PTU; Alfa Aesar, Ward Hill, MA) added at 1 dpf to prevent pigmentation.

Brief pulses of air (World Precision Instruments, Sarasota, FL) were used to inject DNA solution from a glass capillary (World Precision Instruments; item TW100F-4) pulled on a micropipette puller (Sutter Instrument Company, Novato, CA) into the yolk of one-cell-stage wild-type AB/TL embryos within 30 min of fertilization. DNA injection solution contained 7.5--10 ng/µl for pEXP-*hsp70*:CA-BRIA-mCardinal, 5% phenol red, and 0.065--0.08 mM KCl. Approximately 4.19 nl of this solution was injected into each embryo, equivalent to 31.4--41.9 pg plasmid DNA for far-red/near-infrared FP constructs and 0.0629 ng for pEXP-*hsp70*:CA-BRIA-mCardinal. To induce transgene expression via the heat-shock promoter, embryos expressing the cmlc2:EGFP marker underwent heat shock in a water bath at 37°C for 80--90 min at 48--52 hpf. Since phytochrome-derived FPs utilize biliverdin as a chromophore, recombinant human heme oxygenase (HO-1; Novus Biologicals, Littleton, CO), which produces biliverdin from heme, was added to the mIFP injection solution at a concentration of 88 or 132 ng/µl, which correlates to roughly 0.369--0.578 ng protein per embryo, in an attempt to increase brightness. For coexpression with Brainbow, DNA constructs (hsp:CA-BRIA-mCardinal, hsp:mCardinal, or hsp:iRFP670) were injected into embryos from *Tg(neurod:Zebrabow)* crossed to *Tg(hsp:Cre^a134^)* fish ([@B82]).

Generation of stable transgenic zebrafish line
----------------------------------------------

Plasmid DNA for the *Tg(neurod:Zebrabow-polyA)* line, referred to as *Tg(neurod:Zebrabow*), was generated as above, using Gateway Cloning (Invitrogen) and the Tol2kit ([@B60]). The Zebrabow cassette was amplified from ubi:Zebrabow ([@B82]), a gift from Y. A. Pan (Virginia Tech Carilion School of Medicine), using the primers in [Table 4](#T4){ref-type="table"}. Zebrabow was originally generated from Brainbow (version 1.0), line L ([@B64]), and contains dTomato as the default color, which can change on Cre-mediated recombination to either mCerulean (referred to here as CFP) or EYFP (referred to here as YFP; see construct in [Figure 7B](#F7){ref-type="fig"}).

###### 

Primers used to amplify Zebrabow.

  Forward primer (attB1): Zebrabow                                       Reverse primer (attB2): Zebrabow
  ---------------------------------------------------------------------- --------------------------------------------------------------------
  **GGGG ACA AGT TTG TAC AAA AAA GCA GGC Tgc** gag ctc ata act tcg tat   **GGGG AC CAC TTT GTA CAA GAA AGC TGG GTG** cag atc acg cgt att ac

The PCR product was combined with pDONR221 to generate pME-Zebrabow. An LR reaction was then performed using p5E-neurod (gift from T. Nicolson, Stanford University) pME-Zebrabow, p3E-polyA, and pDestTol2CG2 to generate *neurod:Zebrabow-polyA*.

To generate the transgenic line, capped mRNA was generated from pCS2FA Transposase using the T7 mMessage mMachine in vitro synthesis kit (Life Technologies AM1344). Approximately 12.9 pg/embryo (50 ng/μl in the injection mix) each of *neurod:Zebrabow* and transposase mRNA were injected into one-cell-stage wild-type AB/TL zebrafish embryos. F1 progeny from potential founders were screened for dTomato expression, raised to adulthood, and outcrossed to wild-type AB/TL fish. To initiate Brainbow recombination in embryos, *Tg(neurod:Zebrabow*) zebrafish were crossed to *Tg(hsp:Cre^a134^)* ([@B82]) and then embryos underwent heat shock in a water bath at 37°C for ∼90 min at 24--26 hpf. Some fish expressing Brainbow (and not used for FP brightness quantification) underwent a second heat shock at 48--51 hpf, prior to imaging.

Live imaging
------------

For live imaging experiments, zebrafish at 50--55 hpf were anesthetized in ∼0.2 mM MS-222 Tricaine-S (Western Chemical, Ferndale, WA) diluted in E3 medium and then mounted in 1% low-melt agarose (Agarose SFR; AMRESCO, Solon, OH). Cells within the zebrafish hindbrain as well as muscle cells were targeted for imaging. All imaging was performed on a laser-scanning confocal microscope (Carl Zeiss LSM 710, Oberkochen, Germany), using a Zeiss 20X (1.0 NA) water immersion objective with an additional zoom of 1.5, except the mCardinal whole fish tile stitch ([Figure 1](#F1){ref-type="fig"}), which was taken using a Zeiss 10X (0.3 NA) objective, and the *neurod:Zebrabow* ([Figure 7](#F7){ref-type="fig"}), which was done using a zoom of 1.5.

Far-red and near-infrared FPs were imaged using a HeNe633 laser, a 458/514/561/633 main beam splitter, and a broad collection range of 638--747 nm to maximize brightness. For three-channel Brainbow imaging, a DPSS 561 laser was used to excite dTomato, an argon laser was used to excite CFP (mCerulean) at 458 nm, and YFP (EYFP) at 514 nm. Each FP channel was imaged sequentially by frame, except for some images where CFP and dTomato were imaged simultaneously. Collection ranges for Brainbow were set to 463--521 nm for CFP, 519--555 nm for YFP, and 567--591 nm for dTomato, unless otherwise noted in figure legends. For four-channel image acquisition, CFP and either mCardinal or iRFP670 were imaged simultaneously, while YFP and dTomato were each imaged sequentially by frame. For four-channel Brainbow imaging, mCardinal or iRFP670 collection was expanded to 638--758 nm, and when imaging with mCardinal, Brainbow settings were optimized by decreasing the dTomato collection range to 566--583 nm. Images were acquired using Zen Black software (Carl Zeiss, Oberkochen, Germany), saved as .czi files, and subsequently imported into Fiji software ([@B97]) using the BioFormats Importer (The Open Microscopy Environment). For on-screen display, the dTomato channel was coded as red, the YFP channel was coded as green, and the CFP channel was coded as blue. Since far-red/near-infrared FPs emit in a nonvisible range, it was digitally coded in grayscale for on-screen viewing.

For photobleaching experiments, bright neurons in the hindbrain were selected. A rectangular region of interest (∼28 × 28 µm) was drawn encompassing the cell and 20 cycles of small Z-stacks (10.76 µm) were collected with a pixel dwell time of 1.58 μs and interval of 0 ms to standardize scanning time. Laser power was increased to 70% to induce appreciable bleaching. For some experiments, Z-stacks of the entire field were taken before and after the photobleaching experiment to rule out drift in cells of interest.

Analysis
--------

Data on excitation and emission spectra were collected from spectra published in [@B72], [@B17], [@B103], [@B101], and [@B130] using WebPlotDigitizer software; normalized fluorescence values were taken at nanometer increments as described in [@B46]. Predicted brightness was calculated by multiplying the fraction of a FP's emission peak within the collection range by the FP's brightness at the excitation wavelength used. The fraction of the total emission within the collection range was calculated by dividing the sum of the normalized emission values for 638--747 nm by the total sum of the normalized emission values. The brightness at the excitation wavelength was calculated by multiplying the quantum yield, the extinction coefficient (as reported in [@B72]; Chu *et al.*, 2014; [@B103]; [@B101]; and [@B129]), and the normalized excitation value at 633 nm. Predicted brightness when using a 647-nm laser line was also calculated in the same manner, using the fraction of the emission peak within a collection range of 652--761 nm and the normalized excitation value at 647 nm.

Actual brightness was quantified using the Fiji software ([@B97]) using the elliptical tool to select the cell body in the central focal plane (hindbrain cells) or the rectangular tool to select the largest continuous area of cell body visible in a single focal plane (muscle cells). Background intensity was calculated for each section of a Z-stack by averaging three rectangular selections within the fish where no cells were visible. The raw fluorescence values from each section were then normalized by subtracting the corresponding mean background value. For optimal viewing but also comparable image presentation of far-red and near-infrared FPs in figures, linear image adjustments were made to images. These adjustments were identical for comparison across FPs. For example, in [Figures 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, and [4A](#F4){ref-type="fig"}, the maximum brightness level of each image was adjusted to 350. In [Figure 6](#F6){ref-type="fig"}, brightness of cells at *t* = 0 were normalized to each other for displaying photobleaching.

Photobleaching effects were quantified using the Fiji software. Maximum intensity projections of the small Z-stack (one cell thick) were generated for each time point; in these projections, the freehand tool was used to select the cell body. Measurements of the same ROI were taken at each time point and brightness values were normalized by dividing by the initial brightness.

Fluorescence normalization was performed in Google Sheets while all other data analysis was performed in R: A Language and Environment for Statistical Computing (Vienna, Austria; [@B90]). First, mean cell brightness was calculated for each fish used in brightness comparisons. These values were then averaged to find a mean brightness for each FP condition; SEM was also calculated to describe variation in these groups. Linear modeling was used to determine whether mean cell brightness per fish varied significantly between FP conditions, while Tukey's post hoc test was used to perform pairwise comparisons between FPs. All statistical analysis was performed separately for hindbrain and muscle data. CAI values were calculated using the CAIcal server ([@B88]) with the codon usage reference table for *D. rerio* from the Codon Usage Database ([@B73]).

Supplementary Material
======================

###### 

Click here for additional data file.
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